Abstract: Differences in essential oil composition of wild Achillea millefolium L., collected at five habitats in Lithuania, where plants with pink (f. rosea) and white (f. millefolium) flowers grow together, were reported. For the first time, oils of different plant organs (inflorescences and leaves) of both forms from every population were analysed in detail. Chemical analysis was performed by GC and GC-MS. The most predominant constituents of the oils were nerolidol (9.4-31.9%, in 11 out of 20 samples), caryophyllene oxide (8.4-23.0%, 4 leaf oils), ß-pinene (8.0-15.2%, 2 samples), eudesmol (11.8-15.8%, 2 leaf oils) and 1,8-cineole (11.9%, one inflorescence oil). Domination of nerolidol was mostly characteristic of A. millefolium f. rosea essential oils (in 8 out of 10 oils). The inflorescences biosynthesised markedly larger amounts of nerolidol and ß-pinene than those of the leaves. An opposite correlation was observed for caryophyllene oxide and eudesmol. Chamazulene (≤2.7%) was determined only in six oils. The 65 identified constituents made up 75.4-96.5% of the oils.
Introduction
The genus Achillea (f. Asteraceae) represents a polymorphic taxon of hardly distinguishable species, subspecies and hybrids. The Achillea millefolium (commonly known as yarrow or milfoil) group is a polyploid complex and attribution to a specific species and subspecies based only on morphology is complicated. Studies of plant secondary metabolites can provide additional characteristics for taxonomic differentiation. Some authors [1, 2] have reported that relative ontogenetic stability of sesquiterpenoids or essential oil composition in A. millefolium group could be a taxonomically useful tool for classification within the species. Several phytochemical studies previously focused mainly on azulenes and proazulenes (sesquiterpenic lactones) as the most characteristic compounds in yarrow plants [1, [3] [4] [5] [6] [7] [8] [9] . However, chamazulene was found within the three principal constituents only in a small part of investigated A. millefolium essential oils [10] [11] [12] [13] [14] . The first predominant components in the oils were determined as sabinene, β-pinene, β-phellandrene, 1,8-cineole, borneol, ocimene, artemisia ketone, linalool, α-and β-thujone, camphor, borneol, fenchyl acetate, bornyl acetate, fragranol, lavandulyl acetate, ascaridole, caryophyllene, caryophyllene oxide, germacrene D, α-copaene, α-and β-bisabolol, eudesmol and δ-cadinol [4, 11, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . However, the composition of essential oils was investigated mainly for the yarrow oils that are produced by all aerial parts of the plant.
Essential oils of separate parts of yarrow plants have been investigated only in several countries. Different plant organs (inflorescences and leaves) produced essential oils of the same chemotype: sabinene type oils were determined in Norway [31] , 1,8-cineole − in Portugal [32] , β-pinene − in Estonia [33] and Lithuania [34, 35] , chamazulene and p-cymene in Iran [13, 36] . Only inflorescences of some plants produced volatile oils of chamazulene type in Canada [11] , Estonia [33] and Lithuania [34, 35] , while leaves of the above plants contained markedly lower amounts of chamazulene and produced oils of other chemotypes. Essential oils of Iranian origin were characterized by a large amount of chamazulene both in flowers and leaves (54% and 35%, respectively) [36] . Specification of yarrow flowers colour was not indicated in the most papers on chemical composition of the essential oil.
A. millefolium L. ssp. millefolium with white (f. millefolium) and pink inflorescences (f. rosea Desf.) are common in Lithuania, while hairy (var. lanata Koch.) and purple flowering (f. purpurea (Gouan) Schinz et Thellung) plants are very rare [37] . Only white, pink and purple coloured yarrow flowers had been distinguished in 20 th century in Lithuania [37] . During the latest phenotypic study of Lithuanian wild A. millefolium plants from 147 cenopopulations eight different colours and shadows of inflorescences were indicated [38] . Among 3345 investigated plants white flowering ones were dominant in all populations (78.7%), while light pink and deep pink comprised 13.4% and 5.6%, respectively. Inflorescences of other five different colours made up only 2.3% of the total population. Also, a correlation between the colour of inflorescence and other morphological characteristics of the plants was observed, suggesting intraspecific differences within this species in Lithuania. Colour of yarrow inflorescences could be used as a differential character for identifying intraspecific taxa [38] .
As chemical profiles of essential oils could play a role of markers for the taxonomy within the species, the aim of our study was to evaluate differences in oil chemical composition obtained from various plant organs (leaves and inflorescences) of two different taxonomic wild yarrow forms (f. rosea and f. millefolium) grown together in the same populations.
Experimental Procedures

Plant Material
The aerial parts (~35 cm) of wild growing plants All samples were collected at full flowering stage. The plants were dried at room temperature (20-25°C). Flowers were separated from stems and leaves before drying. The essential oils were prepared by hydrodistillation for 3 hours of 10-18 g of air-dried plants by Clevenger type apparatus, using a mixture of hexane and ether (1:1) as a collecting solvent. Total 20 oil samples (5 of white inflorescences, 5 of rose inflorescences and the rest of their leaf oils, respectively) were analysed. The inflorescence and leaf oil yields were 0.4-1.0% and 0.1-0.4% (v/w), respectively on a dry material basis.
Gas Chromatography (GC)
An HP 5890 II chromatograph equipped with FID and a polar capillary column HP-FFAP (30 m × 0.25 mm, film thickness 0.3 µm) was used for quantitative analysis. The GC oven temperature was set at 60°C for 2 min, then programmed at a rate of 5°C min -1 to 160°C, held for 1 min, then programmed from 160 to 230°C at a rate of 10°C min -1 and finally isothermal at 230°C for 12 min, using He as a carrier gas (0.7 ml min -1 ). The injector and detector temperatures were 230 and 250°C, respectively.
Gas Chromatography−Mass Spectrometry (GC-MS)
Analysis by GC-MS was performed using a chromatograph HP 5890 interfaced to a HP 5971 mass spectrometer (ionization voltage 70 eV, m/z scan rage 35-350 amu, scan rate-1.67 scans/s) and equipped with a nonpolar capillary column CP-Sil 8 CB (50 m × 0.32 mm, film thickness 0.25 µm). The oven temperature was held at 60°C for 2 min, then programmed from 60 to 160°C at a rate of 5°C min -1 , held for 1 min, then programmed from 160 to 250°C at a rate of 10°C min -1 and isothermal at 250°C for 2 min, using He as the carrier gas (2.0 ml min -1 ). The temperatures of injector and detector were 250°C and 280°C, respectively. At least two repetitions per analysis were performed (n≥2).
The percentage composition of the essential oils was computed from GC peak areas without correction factors. Qualitative analysis was based on comparison of retention times and indexes on both columns, 
Results and Discussion
Essential oil compositional variability (total 20 oil samples) of wild A. millefolium L. collected in the "mixed" habitats, where yarrow with pink (3-10%) and white flowers grown together, was studied in detail.
Data on chemical composition of ten inflorescence (F) and ten leaf (L) essential oils was presented in Table 1 (pink flowering yarrow indicated by letter P and samples of plants with white inflorescences -by W). Nerolidol, caryophyllene oxide, β-pinene, 1,8-cineole, α-or 10-epi-γ-eudesmol were found to be the first predominant constituents in the oils. Quantity of (cis+trans) nerolidol varied from 2.7 to 31.9%; β-pinene − from 0.5 to 20.0%, caryophyllene oxide − from 2.1 to 23.0%; 1,8 cineole − 0.5 to 11.9% and eudesmol (α-or 10-epi-γ-) ranged from 0 to 15.8%. Nerolidol (mainly trans isomer) was the most abundant among the eleven essential oils, eight of which were produced by A. millefolium f. rosea. Only three inflorescence oils of white yarrow contained nerolidol as the first major constituent. The inflorescences and leaves of plants with pink flowers in three habitats (A, B and D) produced oils rich in nerolidol (9.4-31.9%) ( Table 1 ). This compound was found among four main components in eighteen out of twenty investigated oils. The large part of earlier investigated yarrow essential oils either did not contain or were pure in nerolidol (see Introduction), except one oil from Estonia (6.4%) [33] and some samples from Iran (≤8.8%) [11, 22] and Lithuania [34, 35] . Therefore, essential oils of A. millefolium with predominant constituent nerolidol were characteristic for the pink flowering yarrow plants collected from "mixed" populations in Lithuania in this study. Our results suggest that nerolidol could serve as a specific marker for differentiation of A. millefolium forms.
Beside nerolidol, two other oxygenated sesquiterpenes caryophyllene oxide and α-or 10-epi-γ-eudesmol were the major constituents in the six essential leaf oils. Caryophyllene oxide (8.4-23.0%) predominated in one leaf oil of pink (ELP) and in three leaf oil samples of white (habitats B, D and E) flowering plants ( Table 1) . The above compound was the first main in leaf oils of both pink (23.0%) and white (18.9%) flowering yarrow only in one locality (E). Eudesmols (11.8-15 .8%) were the first major constituents in two leaf oils (samples ALW and CLW) of white flowering yarrow.
β-Pinene (8.0-23.1%) was the first main constituent in the two oils (CLP and DFW), while twelve of the twenty oils included β-pinene among three major compounds (Table 1) . Monoterpenoid 1,8-cineole (11.9%) was found as the first main constituent only in one inflorescence oil of white flowering yarrow (EFW).
Nerolidol, β-pinene, 1,8-cineole and caryophyllene oxide were found in all essential oils, while eudesmol (α-or 10-epi-γ-) only in 16 out of 20 investigated samples.
Fourteen out of the twenty oils did not contain chamazulene ( Table 1) . Traces of this constituent were detected in one pink flowering plant oil (DLP) and with a range of 0.3-2.7% in five other oils: four pink flowering yarrow oils (BFP, BLP, DFP, EFP) and one oil of white flowering plant (DFW). Some earlier investigated inflorescences oils of white yarrow collected in the not "mixed" localities were found to be rich in chamazulene [34, 35] .
The first principal constituent means ((cis+trans)-nerolidol, β-pinene, 1,8-cineole, caryophyllene oxide, α-or 10-epi-γ-eudesmol) of inflorescence and leaf essential oils in different yarrow forms are presented in Figure 1 . Mean of nerolidol amount was higher in inflorescences than in leaves of both forms. The same was also true for β-pinene It could be concluded that comparatively high differences exist in essential oil composition for different A. millefolium forms (f. millefolium and f. rosea) and various plant organs (inflorescences and leaves). Nerolidol (mostly trans isomer) was characteristic for A. millefolium f. rosea essential oils both in inflorescences and leaves (in 8 out of 10 pink flowering samples) and only for some inflorescence oils of f. millefolium (in 3 out 10 of white flowering plant oils) growing in the same populations. Results of this work can provide solutions for taxonomic and systematic problems within A. millefolium species.
